A laminar lid-driven cavity flow was constructed to represent the fundamental characteristics of an industrial dynamic mixer. The flow patterns and mixing process in the cavity were measured by using particle image velocimetry (PIV) and planar laser-induced fluorescence (PLIF) experiments respectively. The refractive indices of the two miscible liquids involved were carefully matched to allow for unhindered optical access. The mixing process was predicted by using computational fluid dynamics (CFD) including models for species transport. The simulated flow and mixing results are in good agreement with the experimental data. The effects of density difference and viscosity of the two miscible fluids on the mixing process were evaluated. Minor variations in the densities of the fluids have significant influence on the mixing process in terms of the coefficient of variation as a function of time. The dimensionless group Ar Re (Archimedes number over Reynolds number) is proposed to characterize the mixing process in the cavity.
Introduction
Dynamic mixers for blending polymers are commonly used in chemical, plastic and rubber industries [1] [2] . Over the last decades, only few works about dynamic mixers can be found in the literature. The dynamic mixer was invented in the 1980s by Gale at Rapra Technology Limited [1] , and it is often used as an add-on unit to existing extruders to improve dispersive mixing. Due to complex geometry (for example, Fig. 1 ) and transient flow characteristics, it is not an easy task to obtain the flow and mixing characteristics in a dynamic mixer by visualization technologies. Most of the studies on dynamic mixers were performed by using computational fluid dynamics (CFD) methods. Wang and Manas-Zloczower first characterized the three-dimensional flow field of a dynamic mixer by using a fluid dynamics analysis package based on the finite element method and discussed the potential use for dispersive mixing [3] . A more specific and quantitative mixing analysis was proposed by Woering et al. who used a two-dimensional approximation for the device [4] . Recently, comprehensive three-dimensional simulations have been performed by Grosso et al. [5] . In their work, a non-dimensional number k (the ratio between the axial and the tangential velocity of the fluid at the inlet) and the number of cavities per row were found to be the key factors for performance of the dynamic mixer.
In producing fibers with different colors or functions in industries, it is necessary to uniformly disperse colorful or functional master batches (i.e., a small amount of polymer containing functional particles) into raw polymer. The master batches usually have different densities from the raw polymer. Different temperatures are often required to add different kinds of master batches into the raw polymer. The effects of density difference and viscosity on mixing therefore deserves more attention. So far, all the existing work on dynamic mixers did not involve these influencing factors; effects of density difference and viscosity on mixing performance are considered for the first time in this study.
The dynamic mixer ( Fig. 1 ) was simplified to a lid-driven cavity flow model (Fig. 2 ) in this work, because the liquid in the cavities of the dynamic mixer is sheared due to the relative motion of the rotor and the stator, which is similar to the process where a moving lid shears the liquid in a lid-driven cavity. Lid-driven cavity flow has long been considered as an ideal model for benchmarking Navier-Stokes numerical solvers, and this flow configuration is the simplest one for analyzing the flow which occurs in important industrial processes, e.g. chemical etching [6] , film coating [7] and food 3 processing [8] . Computational work on this topic is abundant in the literature. The first major studies of a steady two-dimensional lid-driven cavity flow are due to Burggraf [9] for a square cavity and by Pan and Acrivos [10] for other geometric aspect ratios. The results of a two-dimensional lid-driven cavity flow reported by Ghia et al. [11] and Schreiber and Keller [12] serve as classical benchmark data to validate results of several numerical solvers [13] [14] [15] [16] . There also have been a number of studies on the flow in a three-dimensional lid-driven cavity [17] [18] [19] . Numerical benchmark data for a Reynolds number of 1000 in a cubic lid-driven cavity were reported by Albensoeder and Kuhlmann [20] . There are very few experimental studies in the literature on a lid-driven cavity flow. The first experiment was done by Koseff et al. [21] [22] who used laser Doppler anemometer measurements on a three-dimensional lid-driven cavity with various aspect ratios. Particle image velocimetry (PIV) was used by Liberzon [23] to study the effects of dilute polymers and ethylene oxide in a lid-driven cavity in the turbulent regime. However, no combined numerical and experimental studies have been published on the mixing of miscible fluids in a lid-driven cavity. This, as well as its application in polymer mixing, are the reasons for investigating flow and mixing in such a relatively simple flow system.
Laser-based optical measurement techniques such as PIV and planar laser-induced fluorescence (PLIF) have been used in various processes to investigate single-phase flow, two miscible fluid flow and dilute two-phase flow [24] . As for the application of these optical measurement techniques on the mixing of two miscible fluids, it is necessary to achieve refractive index matching (RIM). If the refractive index difference is too large, the laser will be scattered at the uneven interface of the fluids, making it impossible to obtain accurate experimental data. To achieve a feasible environment for PIV and PLIF measurements, we selected two miscible fluids with almost the same refractive indices as working fluids in this work.
The aim of this paper is in the first place to show the feasibility of PIV and PLIF experiments in a lid-driven cavity with two miscible fluids, which is a simplified model of an industrial dynamic polymer mixer. In the second place, by comparing simulated flow fields and mixing process in the lid-driven cavity with the experimental data, we validate our simulation results and species transport models. In the third place, based on the verified simulation methods and models, we investigated the influences of density difference and viscosity of the two fluids on mixing performance. Based on this, we 4 propose a set of dimensionless parameters that characterize the mixing process in the cavity. We plan to quantify the mixing process based on these parameters in follow-up research.
The paper is organized as follows: in the next section, the experimental setup is discussed, including the flow system, PIV experiments, and PLIF experiments. Then, the numerical approaches we used in this research are briefly summarized with references. In the subsequent Results section, we first present the dynamic mixing process of the two miscible fluids starting from a layered state with the results of the PLIF experiments and simulations. Secondly, we compare the simulated velocity profiles with the PIV experimental data. Thirdly, we study the effects of density difference, viscosity and geometric scale-up on mixing performance in the lid-driven cavity by a dimensionless group Ar Re (the Archimedes number Ar and
Reynolds number Re are defined in the next section) and identify the coefficient of variation (COV) to characterize the mixing efficiency. The final section summaries the main conclusions and suggests the future directions.
Experiments
Lid-driven cavity flow configuration , the mixing behavior is totally dominated by fluid convection at low Reynolds numbers (Re≤40) [26] [27] . Therefore, the effect of mass diffusion on the mixing performance is expected to be negligible in this experiment.
PIV Measurement Technique
The 2D-PIV system used in this work is a commercial system from Dantec (Denmark). It consists of a laser (Dual power, 532 nm, 100 mJ, 100 Hz), spherical and cylindrical lenses which transform the laser beam into a laser sheet with thickness of 1 mm in the measurement plane, a CMOS camera (SpeedSense 4 MP, 2320 x 1720 pixel, 193Hz), a synchronizer, and dynamic studio software. Hollow spherical glass particles (TSI, USA) with diameters of about 8-12 µm and density of 1500 kg/m 3 were used as tracer particles.
The (x, y, z) coordinate system is shown in Fig. 2 . The velocities in the three Cartesian directions (x, y, z) are represented by u, v, and w respectively. As shown in Fig. 2 , the origin of the coordinate system is the left bottom corner in the x-z plane that crosses the center of the cavity. The PIV measurement region was the entire y=0 plane (LxH=50x40 mm   2 ).
The PIV images were analyzed by using dynamic studio software (Dantec Inc). An adaptive interrogation windows method was used, in which the size and shape of the individual interrogation areas can be iteratively adjusted to adapt to local seeding densities and flow gradients [28] [29] . The minimum size of the interrogation windows was 32 × 32 pixels The camera captured the whole mixing process; it started capturing before the lid started and ended capturing after the lid had stopped. The time interval between the two laser pulses -that together generate a single PIV velocity vector field -∆t was determined as 6000 μs to ensure that the maximum in-plane and out-of-plane displacements of the tracer 6 particles were less than one-quarter of the interrogation windows size and of the thickness of the laser sheet.
PLIF Measurement Technique
We refer to Fig (1) (2) where I is the fluorescence intensity, C is the tracer concentration, is a local coefficient related to the experimental parameters, is a coefficient that takes into account the effect of absorption, is the light intensity captured by the CMOS camera, and is the intensity of background. It can be seen from Eq. (1) that the fluorescence intensity is linearly proportional to the local tracer concentration at low excitation intensity. At high excitation, there is no longer a linear relationship between the fluorescence intensity and the concentration of tracer due to saturation and photo bleaching effects [32] .
In this work, a series of measurements for calibration was performed at several tracer concentrations in homogeneous Liquid 1 and Liquid 2. 
Simulations

Species transport model
Simulations on flows of multi-component Newtonian fluids are based on the solution of the continuity and Navier-Stokes equations. They have the following form:
where ρ is the fluid density, p is the pressure, u is the velocity, and  is the viscosity, g is the gravitational acceleration.
A species transport model was employed for simulating the mixing process of the two miscible fluids in the lid-driven cavity. The conservation of species i can be given as follows [35] :
where f i is the local mass fraction of the species i, and D m is the mass diffusion coefficient. An equation of this form will be solved for N−1 species with N the total number of fluid species presented in the system. Since the mass fraction of the 8 species must sum to unity, the N th mass fraction is determined as one minus the sum of the N-1 solved mass fractions. To minimize numerical error, the N th species should be selected as the species with overall largest mass fraction. In this work, the conservation equation of Liquid 2 was solved and the mass fraction of Liquid 1 was determined as one minus the mass fraction of Liquid 2.
The effective viscosity of the mixture is determined through the mass fraction and the viscosity of each Liquid:
where f 1 is the mass fraction of Liquid 1, and 1
 and 2
 are the viscosities of Liquid 1 and 2 respectively.
The density of the mixture is expressed in terms of the mass fraction and the density of each liquid in the following way:
where 1  and 2  are the densities of Liquid 1 and Liquid 2 respectively.
Eq. (6) and Eq. (7) were compiled in Fluent 18.0 [36] by external user-defined functions. As shown in the experiments section, the concentration is described in terms of volume fraction, so f 1 is translated to C 1 by 11
Numerical details
No turbulence model (direct simulation) was used to calculate the flow field in the lid-driven cavity because the largest Reynolds number of all simulation cases was 486. The species transport model was selected to realize the mixing of two miscible fluids. In all the simulations, D m was chosen as 1.5x10 -10 m 2 /s which has been discussed in the experiments section.
The geometric configuration used for the CFD simulations in this work was the same as that used for the PIV experiments. The geometry and the mesh were constructed by using a commercial software ICEM [37] . Hexahedral elements (about 3.2 million with grid spacing x  of about 0.31 mm) were used for meshing the geometry. A grid sensitivity study has been carried out and the results will be explained later. The lid of the cavity was set as a moving wall boundary with a given speed U of 0.02 m/s in positive x direction. No-slip condition was applied to all solid wall boundaries.
As for the temporal resolution, time step t  was set as 0.005 s to keep the Courant-Friedrichs-Levy number (
smaller than 1 according to ANSYS Fluent Users guide [38] . The second order upwind scheme was used for the spatial discretization of the momentum equations, and the second-order implicit scheme for time advancement. In order to couple pressure and velocity, the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm was used.
Convergence per time step was achieved when the normalized residuals of the continuity and velocities became less than 10 −4 and the normalized residuals of the mass fraction became less than 10 -7
.
Results and Discussion
Mixing progress in the lid-driven cavity flow In general, the simulated results of volume concentration can give a good prediction of the mixing of the two miscible fluids. From these visualizations, it is demonstrated that the PLIF experiments as well as the related simulations can effectively describe the mixing process of the two miscible fluids in the lid-driven cavity. In the next section, the results of the PLIF experiments will be combined with the velocity field obtained by the PIV measurements to interpret these phenomena in more detail.
Flow Fields in the lid-driven cavity
The PIV measurements were conducted under the same operating conditions as the PLIF experiments, however not simultaneously with the PLIF experiments. The experimental flow fields at four moments are shown in the left column of groups of simulations will be conducted to find the parameters most influencing the mixing performance.
Effect of Ar Re on mixing performance
The influence factors on the mixing process will be discussed based on simulations in this section. A different density difference of the two fluids will bring about different buoyancy, and changes in viscosity cannot be ignored due to the small Reynolds numbers in this study. Thus, a dimensionless group
is defined as the ratio of buoyancy
To quantify the mixing efficiency of the two miscible fluids in the lid-driven cavity flow, coefficient of variation (COV) was calculated to represent the standard deviation of liquid concentration [39] : COV value, and thus the better the liquid mixing. Best mixing performance occurs at Ar Re =0, and minimizing the density difference of the two fluids is recommended as a way to achieve faster mixing.
In Fig.14 This work investigated the mixing characteristics in a laminar lid-driven cavity based on simplifying an industrial dynamic mixer. The validated computational methods and models could be used to simulate industrial dynamic mixers in the future. However, grid effects on the concentration field are hard to avoid due to the high Schmidt number. The mixing process of miscible non-Newtonian fluids with a wide range of Reynolds numbers in lid-driven cavities as well as in dynamic mixers will also be our future research directions. 
